j o u r n a l h o m e p a g e : w w w . i n t l . e l s e v i e r h e a l t h . c o m / j o u r n a l s / c m p b The objectives of this study are to examine the extent of patient specificity required to obtain a significant association of CFD output metrics and clinical measures in models of the pulmonary arterial circulation, and to evaluate the potential correlation of wall shear stress (WSS) with established metrics indicative of right ventricular (RV) afterload in pulmonary hypertension (PH). Right Heart Catheterization (RHC) hemodynamic data and contrast-enhanced computed tomography (CT) imaging were retrospectively acquired for 10 PH patients and processed to simulate blood flow in the pulmonary arteries. While conducting CFD modeling of the reconstructed patient-specific vasculatures, we experimented with three different outflow boundary conditions to investigate the potential for using computationally derived spatially averaged wall shear stress (SAWSS) as a metric of RV afterload.
a b s t r a c t
Computational fluid dynamics (CFD) modeling of the pulmonary vasculature has the potential to reveal continuum metrics associated with the hemodynamic stress acting on the vascular endothelium. It is widely accepted that the endothelium responds to flow-induced stress by releasing vasoactive substances that can dilate and constrict blood vessels locally.
The objectives of this study are to examine the extent of patient specificity required to obtain a significant association of CFD output metrics and clinical measures in models of the pulmonary arterial circulation, and to evaluate the potential correlation of wall shear stress (WSS) with established metrics indicative of right ventricular (RV) afterload in pulmonary hypertension (PH). Right Heart Catheterization (RHC) hemodynamic data and contrast-enhanced computed tomography (CT) imaging were retrospectively acquired for 10 PH patients and processed to simulate blood flow in the pulmonary arteries. While conducting CFD modeling of the reconstructed patient-specific vasculatures, we experimented with three different outflow boundary conditions to investigate the potential for using computationally derived spatially averaged wall shear stress (SAWSS) as a metric of RV afterload.
SAWSS was correlated with both pulmonary vascular resistance (PVR) (R 2 = 0.77, P < 0.05) and arterial compliance (C) (R 2 = 0.63, P < 0.05), but the extent of the correlation was affected by the degree of patient specificity incorporated in the fluid flow boundary conditions.
We found that decreasing the distal PVR alters the flow distribution and changes the local velocity profile in the distal vessels, thereby increasing the local WSS. Nevertheless, implementing generic outflow boundary conditions still resulted in statistically significant SAWSS correlations with respect to both metrics of RV afterload, suggesting that the CFD model could be executed without the need for complex outflow boundary conditions that require invasively obtained patient-specific data. A preliminary study investigating the relationship between outlet diameter and flow distribution in the pulmonary tree offers a potential computationally inexpensive alternative to pressure based outflow boundary conditions. © 2015 Elsevier Ireland Ltd. All rights reserved. 
Nomenclature

Introduction
Pulmonary hypertension (PH) is a degenerative disease that eventually leads to right heart failure [1, 2] . In this work, we present a preliminary investigation of the role of wall shear stress (WSS), estimated by time averaged computational fluid dynamics (CFD), in PH disease progression. Previous studies have shown that WSS decreases in PH patients relative to healthy controls [3, 4] , making it a potential comprehensive prognostic characteristic encompassing fluid flow kinematics, vessel wall structural mechanics, bulk hemodynamics, and an underlying biological response.
Biomechanics of PH
There are three primary domains in the PH pathological cardio-pulmonary system: RV, proximal pulmonary vasculature, and the distal pulmonary vasculature. The proximal arteries act as a hydraulic damper to the distal vasculature [5] . Endothelial cells lining the distal vessels respond to local flow conditions by adjusting their cross-sectional area [6] , thereby influencing the local pressure, wave reflection dynamics [7] , and arterial tension in the (upstream) proximal vasculature. Therefore, these two domains are undoubtedly coupled (each domain responds to and impacts the other) and must share common characteristics in the maintenance of total system behavior, likely having a synergetic effect on PH disease progression. Furthermore, given that proximal-distal pulmonary coupling influences wave reflection phenomena and distensibility, the interaction between these domains will strongly influence flow pattern formation in the proximal vasculature. While PH originates in the pulmonary vasculature, the resulting lethality lies in the inevitable RV dysfunction that occurs as a result of increased afterload [8] . The steady and pulsatile components of afterload are believed to be dictated by distal constriction and proximal stiffness, respectively [2, 9] . Therefore, pulmonary vascular resistance (PVR) and compliance (C) are the dominating patient disease progression characteristics available from Right Heart Catheterization (RHC), which are indicative of both the resistive and reactive components of impedance [10] , respectively. Therefore, these metrics must be strongly coupled to the local flow dynamics and continuum metrics (e.g., WSS) common to both domains.
Abnormal WSS contributes to disease progression
Intrinsic pressure regulation mechanisms signal smooth muscle cells (SMC) to adjust conduit area and regulate blood flow to match the local perfusion needs of tissue [11] . Endothelial cells (EC) are responsible for maintaining homeostasis by sensing non-physiological flow and signaling SMC to adjust accordingly. Impaired endothelial response can lead to vascular disease [12] and initiate a destructive cycle that will ultimately lead to stiffening of the proximal pulmonary vessels and RV dysfunction [13] . Currently, it is not yet known what triggers the change that results in the pulmonary vasculature's inability to regulate pressure and vascular resistance. For intrinsic pressure regulation, EC release vaso-constrictors/dilators and control their orientation based on the pulsatility and mean direction of WSS [6, 12, 14] . Intramural stress and WSS can also alter gene expression and signal collagen synthesis to increase vessel thickness and decrease compliance [6, 15] .
Inter-dependence between PVR and compliance, and its impact on WSS
Pulmonary vascular compliance can be approximated as the ratio of the stroke volume to the pulse pressure (PP), which is known to be linearly proportional to the true compliance, but is a slight overestimation of the compliance calculated from the parameter optimization of a Windkessel model [16] . The stiffness of the proximal vasculature and resistance of the distal vasculature both contribute to RV afterload, and are linearly related [2] . Thus, the two metrics are not independent, as an increase in distal resistance will increase the proximal pressure, causing the vessel walls to be taut [15] . Moreover, prolonged exposure to elevated pressures will result in collagen synthesis, thereby altering the inherent mechanical properties of the proximal vessels [17] and undoubtedly weaken its ability to act as a hydraulic damper to the distal vasculature [18] .
1.4.
Computing WSS in the pulmonary vasculature and its implication for PH Pulmonary arterial flow patterns can be visualized from imaging modalities [19, 20] or predicted with computational models. 4D magnetic resonance imaging (MRI) is noisy and offers low temporal and spatial resolution, which is a shortcoming for estimating fluid shear. Computational models have been used previously to simulate the pulmonary flow dynamics [13] . They offer unparalleled advantages over reconstructing patient-specific flow patterns with 4D MRI, in terms of spatial and temporal resolution, and can be used to simulate pathological hemodynamic challenges.
Tang et al. [21] implemented CFD analysis to show that increased cardiac output (CO), resulting from exercise, results in an increase in WSS. Further computational work, comparing pulmonary hemodynamics in the PH patient population with a healthy dataset, revealed a decreased WSS in PH [4] , which we recently correlated with an increase in impedance using a similar computational framework [22] . However, the considerations critical to computational modeling of the pulmonary vasculature or the mechanisms driving this WSS decrease remain unaddressed. Similarly, Hunter et al. [14] used computational modeling to show that mitigation of hypertension in pediatric patients can reduce WSS. They simulated the hemodynamics in the proximal pulmonary arteries of two patient-specific geometries. In one case, a decrease in CO and vascular stiffness as the result of a septal defect closure led to reduced WSS. In the second case, a decrease in distal resistance and vascular stiffness did not have a significant impact on WSS. Su et al. [23] used an ideal fluid-structure interaction (FSI) model to investigate the influence of stiffness on local hemodynamics. They found that chronic increases in pressure, likely due to increased distal resistance, resulted in decreased WSS in the proximal vasculature.
As all systematic changes associated with PH disease progression are strongly coupled to the WSS acting on the proximal and distal endothelium, we hypothesize that spatially averaged wall shear stress (SAWSS), estimated using a patient-specific CFD model, will decrease in patients with PH concomitant with the reactive and resistive components of RV afterload. If true, it is conceivable that changes in WSS precede morphological remodeling, thereby leading to significant breakthroughs in strategies for risk stratification, and frequently monitoring disease progression and treatment efficacy. Furthermore, WSS could dictate pathological vs. adaptive vascular remodeling, alluding to disease reversibility and driving treatment decision making [24] .
The role of computational analysis in clinical evaluation
Clinicians must be equipped with tools for evaluating treatment efficacy that are reproducible, affordable, and minimally invasive for the patient. The current protocol for patients admitted with PH symptoms is to perform RHC [25] to measure CO, pressure in the main pulmonary artery (MPA), pulmonary capillary wedge pressure (PCWP) and, from these, compute PVR [26] . These metrics can give an indication of RV workload at the onset of PH, where regulation of RV function is typically homeometric [27] . RHC is invasive and occasionally requires the patient to be sedated. Therefore, essential RHC data is only available to the physician as a pre-treatment baseline and it may be unfeasible to obtain repeatedly for assessing disease progression and treatment efficacy. A fast and reliable CFD model would have a vast clinical application, but the feasibility and reliability of modern day CFD analysis in pulmonary hemodynamics remains largely unexplored.
Study objectives
In this study, we present an efficient computational estimate of WSS in adult patients with PH and interrogate the association between computed SAWSS with PVR (resistive impedance) and C (reactive impedance). We utilize the flexibility of computational modeling to identify patient phenotypes (e.g., morphology, hemodynamics) that dictate the relationship between computed SAWSS and afterload. Furthermore, modeling is used to explain the flow distribution in a 6-generation pulmonary tree structure, which could be used in future modeling studies to dictate the outflow boundary condition and estimate local WSS in distal vessels. The overall goal of the present work is to utilize CFD for assessing WSS in pulmonary arterial geometries of human subjects with PH. As evidence shows WSS to decrease in PH patients when compared with healthy controls [4] , the objectives of this work are two-fold: (i) to examine the extent of patient specificity required to obtain a significant association of CFD output metrics and clinical measures, and (ii) to evaluate the potential correlation of WSS with established metrics indicative of RV afterload in PH. Particularly, we correlate WSS with the most clinically universal metric of RV workload: PVR. In addition, as RV workload and distal flow dynamics are also influenced by proximal compliance [5, 23] we show that SAWSS can also be used to assess pulmonary vasculature characteristics that are typically associated with the reactive component of vascular impedance [10] . 
Methods
Ten patients admitted to Allegheny General Hospital (Pittsburgh, PA) suspected of having PH underwent routine RHC. Table 1 shows measurements acquired during RHC, using a Swan-Ganz Standard Thermo-dilution Catheter, which were used to calculate PVR (Eq. (1)) and compliance (C) (Eq. (2)) [2] . Upon diagnosis of PH, disease severity and RV function were qualitatively assessed according to the World Health Organization Pulmonary Arterial Hypertension Function Classification.
In addition to RHC hemodynamics data, each subject underwent a contrast-enhanced CT scan. The images were used to create a virtual reconstruction of the pulmonary vasculature and pre-processing for CFD analysis, as illustrated in Fig. 1 . CT images with a voxel size 0.68 × 0.68 × 1.25 mm for all CT datasets were imported into Mimics 14.4 (Materialise, Leveum, Belgium) in DICOM format and a contrast windowlevel ratio was determined based on contrast clarity between blood vessels and airways. An iterative process of thresholding, region growing, and multiple slice editing was utilized to segment the vasculature of each image dataset up to the 6th generation of vessels, limited only by image resolution, considering the MPA as generation 0. Arteries were manually isolated from veins according to vessel orientation with respect to neighboring airways and continuity to the MPA. A 3D surface of the patient-specific vasculature was reconstructed from the segmented map and subjected to 0-3 iterations of smoothing. Finally, a centerline was computed for the vasculature and the surface exported to 3-Matic (Materialise, Leveum, Belgium), where the domain inlet and outlets were truncated perpendicular to the centerline, and each inlet and outlets extended approximately 10 times their hydraulic diameter (D h ).
Numerical modeling
The pulmonary computational domain was discretized using ICEM-CFD (Ansys Inc., Canonsburg, PA). A tetrahedral mesh, progressively growing in element size from the endoluminal surface to the volume core, was generated for each patientspecific vasculature. A WSS-based grid independence study was conducted according to the protocol outlined in [13, 28] . Each patient-specific geometry varied in size and morphology, therefore requiring different mesh densities to generate the CFD models. Nevertheless, the consistent mesh parameter for each model was an allowable edge length of 0.84 mm for all meshes used in this study (see Fig. 2 ). An implicit finite volume method (ANSYS Fluent, Canonsburg, PA), with a SIMPLE discretization scheme, was used to solve the governing equations (Eqs. (3) and (4)):
where ៝ v is the velocity vector, S is the element surface area, ៝ n is the unit vector orthogonal to S, is the density (1.05 g/cm 3 ), andT is the stress tensor. In Eq. (5), p is the pressure, is the dynamic viscosity (0.035 Poise),Ī is the unit tensor, and is the gradient operator. Blood is assumed to behave as a Newtonian fluid since patient-specific rheology was not available and typical vessels in the computational domain are larger than 0.5 mm in diameter to justify this assumption. Furthermore, applying the same rheological characteristics across the entire population might have an impact on the resultant WSS magnitude, but will likely have little impact on the correlations. Based on the range of CO and MPA diameters used in this study, the Reynolds number in the proximal pulmonary vasculature is less than 900 for all patient-specific models, justifying the use of a laminar flow assumption.
Constant flow rate simulations were carried out for each patient-specific model until the velocity and mass conservation non-dimensional residuals fell below 10 −7 . The constant flow rate assumption has been shown reliable for computing mean and peak velocities and pressures representative of discrete time points in the cardiac cycle [29] . An additional validation was performed in which we compared SAWSS and time averaged SAWSS computed using a steady and a pulsatile flow simulation, respectively, with matching CO and geometry, respectively. The results showed a 3.6% difference, providing evidence that a constant flow rate assumption yields a small error compared to a pulsatile flow simulation. Furthermore, as no patient-specific transient velocity data was available for the PH subjects studied retrospectively in the present work, the constant flow inlet boundary condition allowed us to maintain patient specificity without having to assume a generic flow waveform for the inlet boundary condition. A Poiseuille velocity profile was imposed at each non-circular inlet by implementing a protocol based on Schwartz-Christoffel mapping, which we explain in detail in our previous work [30] . A no-slip boundary condition was assigned to the fluid-solid interface. Three different simulations were carried out for the reconstructed vasculature of each dataset: (1) a constant inlet flow rate (90 cm 3 /s) and zero-traction outflow boundary conditions; (2) a patient-specific inlet flow rate obtained from RHC CO measurements with zero-traction outflow boundary conditions; and (3) a patient-specific inlet flow rate with structured tree outflow boundary conditions.
2.2.
Resistance-based structured tree outflow boundary condition Amongst the cohort of reconstructed patient-specific arterial vasculatures, the total number of truncated outlets in each computational model ranges from 90 to 274. To account for the unique distal resistance of a given truncation, the outflow boundary condition at each outlet must be specific to that outlet and to that subject. A resistance structured tree outflow boundary condition [31] allows for an analytical expression for the total resistance of the truncated vasculature, which is proportional to the outlet radius. In theory, the truncated tree distal to an outlet with a smaller radius would reach the capillaries sooner than a larger outlet, resulting in a larger total resistance. The present outflow boundary condition derives a relationship between outlet radius and distal arterial resistance, with patient specificity derived from RHC data incorporated into the tree morphology. A complex pulmonary vascular tree consists of separate segments of blood vessels, starting with the main pulmonary artery, that are gradually decreasing in cross-sectional area with each generation. Each vessel contains a single inlet and outlet, but the outlet is typically perfusing two daughter vessels, unless that vessel is known as a "terminal" vessel. Each segment has a resistance, dictated by its length and radius (Eq. (6)), which contributes to the resistance of the tree.
Knowing the PVR and MPA diameter for a given patient, we attempt to create a hypothetical tree of the entire pulmonary vasculature. The geometry of the tree is characterized by two coefficients: ˛ and ˇ, which govern the decrease in cross-sectional area between a parent vessel and its daughter vessels (see Fig. 3a) . The ˛ and ˇ coefficients are numerical values ranging from 0 to 1, where the area of a given vessel is a function of: ˛, ˇ, the generation of the vessel with respect to the MPA (n), and the parent vessel's cross-sectional area. The following protocol was coded to create a patientspecific tree: (1) were repeated until reaching a preset minimum radius, which was considered the terminal vessels. Fig. 3a shows an exemplary tree, extending to the 5th generation. The objective of this protocol is to find ˛ and ˇ for each patient, such that the resistance of the resulting tree is equal to the PVR measured from RHC. Once ˛ and ˇ have been identified, a tree can be generated at any CFD model outlet given the outlet's crosssectional area, thereby allowing to estimate a resistance that is unique for each outlet in a patient-specific geometry.
The structured tree as the outflow boundary condition
Assuming a fully developed, laminar flow in all distal vessels, the resistance of each vessel was computed using Eq. (6), where the length-to-radius (l/r) ratio was found from human lung morphometric data [32] and is the blood dynamic viscosity at normal hematocrit (3.5 cP). Ohm's law is used to determine the total resistance by equating an electrical analog to the reconstructed tree:
Once a unique tree structure was determined for each dataset, based on the subject's arterial anatomy and PVR, the patient-specific ˛ and ˇ values were used to calculate PVR i , the pulmonary vascular resistance of the tree distal to each (i) truncated outlet (see Fig. 3b ). Therefore, a unique structured tree was developed for each subject -with a unique hyperbolic function (see Fig. 4 ) relating outlet cross-sectional area and the resistance distal to a given outlet.
Calculating the unique resistance at each outlet (PVR i ) from the structured tree, the pressure to volumetric flow rate relationship applied to each outlet is given by Eq. (7):
The PVR at a given outlet, PVR i , is an approximation of the resistance distal to each truncation, as a function of the outlet cross-sectional area. In each numerical iteration, P i is a uniform pressure applied to each outlet facet and Q i is determined by numerically integrating the velocity vectors over the outlet area. PCWP is a constant approximation of left atrial pressure, unique to each subject, obtained from RHC measurements. Upon carrying out the CFD simulations, the PVR function is iteratively adjusted by a multiplication constant (<1) to achieve the RHC-measured pressure in the MPA [33] .
Post-processing
A single quantitative metric, assumed to be independent of the 3D reconstruction, was chosen to represent the WSS acting on the pulmonary vasculature. In Eq. (8), the WSS magnitude is integrated over the entire discrete vascular luminal area (A), and normalized by the total area to minimize the influence of arbitrary distal truncation. As the number of generations of the pulmonary tree varied among computational models, and considering that the surface area of the distal generations is substantially larger than the proximal ones, this normalization let to a metric independent of CT image resolution:
Due to the limited in-plane resolution, isolated computational cells in the distal vasculature yielded non-physiological, high focal WSS. During post-processing, facets with WSS greater than 50 dyn/cm 2 were considered anomalies product of the image resolution and were not included in the SAWSS calculation. The 50 dyn/cm 2 threshold was chosen as previous work [21] suggests that this is an approximate physiological maximum in healthy subjects. Furthermore, incremental increases of this threshold, i.e., beyond 50 dyn/cm 2 , revealed insignificant changes in SAWSS.
Statistical analysis
The statistical significance of all correlations is indicated with a two-tailed probability. A correlation within a 95% confidence interval (P < 0.05) was considered to be statistically significant.
Results
Traditional clinical qualitative/quantitative assessment of the patient cohort
A trained cardiologist's assessment of RV morphology on echocardiograms revealed substantial RV remodeling and function changes in patients with high PVR. For example, the subject with the highest PVR (1316 dyn s/cm 5 ) presented a severely dilated RV with severe RV dysfunction. The subject with the second highest PVR (777 dyn s/cm 5 ) showed a mild to moderately dilated RV with severe systolic dysfunction. Finally, a third subject with elevated PVR (408 dyn s/cm 5 ), but relatively low compared to the first two, revealed normal RV size and systolic function. Some subjects with lower PVR, but elevated relative to healthy PVR, still revealed moderate hypertrophy and systolic dysfunction. Therefore, within our Since mPAP is a key clinical metric used to diagnose PH, assess reactivity, and monitor disease progression, we investigated its association with both components of impedance in our population sample. mPAP revealed a moderate positive correlation with the resistive component of afterload (PVR: R 2 = 0.53, P < 0.05 -see Fig. 5a ) and a reasonably good negative correlation with the reactive component of afterload (C: R 2 = 0.80, P < 0.05 -see Fig. 5b ). Therefore, mPAP increases concurrently with an increase in resistance and stiffness.
3.2.
Patient specificity in the calculation of wall shear stress Fig. 6 shows exemplary WSS maps obtained for four PH patient-specific models, which typically reveal high WSS concentrations in the small, distal vessels. Fig. 7a shows a power regression correlation between SAWSS and C (R 2 = 0.63, P < 0.05), and SAWSS and PVR (R 2 = 0.77, P < 0.05), for simulations implementing patient-specific inlet velocity and the structured tree outflow boundary conditions. Fig. 7b shows the same correlations (SAWSS vs. C: R 2 = 0.60, P < 0.05 and SAWSS vs. PVR: R 2 = 0.72, P < 0.05) for similar simulations but with a zero-traction outflow boundary condition. Fig. 7 (c) reveals poor correlations of SAWSS with C and PVR (SAWSS vs. C: R 2 = 0.34, P > 0.05 and SAWSS vs. PVR, R 2 = 0.30: P > 0.05) when the only patient-specific characteristic of the model was the arterial geometry. Thus, each simulation illustrated in Fig. 7c was carried out with an inlet flow rate of 90 cm 3 /s and zero-traction outflow boundary conditions. Interestingly, the correlation factors between RHC-measured CO and PVR, and CO and C, were 0.45 (P < 0.05) and 0.08 (P > 0.05), respectively (not shown in Fig. 7 ). Therefore, a CFD analysis that considers the combined effect of CO and the patient-specific vascular geometry as a means to calculate SAWSS yields a stronger correlation with the two primary indicators of RV afterload than CO alone. The correlations in Fig. 7 suggest that decreases in PVR correspond to increases in SAWSS. Secondly, increases in C estimated from RHC data reveal a corresponding increase in SAWSS.
Does elevated PVR contribute to a decrease in WSS?
We performed an additional study involving a single vascular geometry with the same inlet flow condition as the other patient-specific models, but subject to two different outflow resistance boundary conditions. The overall resistance was varied by a coefficient (1 or 0.5) multiplying the equation shown in Fig. 4 that relates outlet area with resistance. Fig. 8 shows that a higher distal PVR causes a flattened velocity profile (lower profiles in Fig. 8c-e) in both the proximal and distal vessels, thus leading to an overall decrease in SAWSS. 
3.4.
Is the structured tree outflow boundary condition necessary?
Given the relatively little difference between simulations implementing the structured tree and zero-traction outflow boundary conditions, we performed a second, brief, study to determine the impact of these boundary conditions on flow distribution in the pulmonary vasculature. We based it on a single healthy volunteer (i.e., not included in the PH study) who had no available RHC data and the reconstructed vasculature resulted in 274 outlets. Fig. 9 shows the relationship between outflow and hydraulic diameter for 3 outflow boundary conditions: (1) zero traction; (2) constant resistance at all outlets; and (3) structured tree outflow. While the outflow boundary condition has little impact on the flow distribution in the proximal vessels, the CFD model reveals a substantial impact on flow distribution in the higher generation (i.e., distal) vessels. Unlike zero traction and constant resistance, the structured tree condition leads to a different correlation of outlet hydraulic diameter and outlet volumetric flow rate (Q).
Discussion
The data presented in this study is sufficient to reject the null hypothesis and confirm that SAWSS, estimated by CFD simulations with a constant flow rate, changes in PH manifestation concurrent with changes in afterload. Furthermore, as opposed to imaging modalities with limited spatial resolution (e.g., 4D MRI), CFD analysis can offer the resolution necessary for a reliable estimate of SAWSS, which is improved as boundary conditions are more representative of the patient-specific hemodynamic environment. 
SAWSS correlation with PVR and C
In this study, flow and pressure data was retrospectively acquired for 10 patients diagnosed with PH. Furthermore, a chest contrast-enhanced CT scan was done for each patient within days of the RHC procedure and the pulmonary vasculature reconstructed from the CT images to conduct CFD analysis.
Because mPAP is currently a key clinical prognostic value in diagnosing PH and assessing disease progression and reactivity, we compared how it relates to both metrics of afterload. RHC data revealed moderate correlations between mPAP and two primary factors that are indicative of RV afterload: compliance (C) and pulmonary vascular resistance (PVR), which are measures of the reactive and resistive components of pulmonary vascular impedance, respectively. The correlation of mPAP with C is not surprising, as the calculation of compliance is a function of systolic PAP, which correlates well (R 2 = 0.91) with mPAP. However, unlike vascular stiffness [34] , mPAP is a poor predictor of mortality [35] and the mPAP correlation with PCR is relatively weak, which might suggest that mPAP is not a particularly reliable estimate of RV afterload and that it is likely also a product of the CO. Most importantly, the endothelium is subjected to a hemodynamic environment that is poorly explained by mPAP. Therefore, it offers little insight into risk stratification, RV-PA decoupling (the ability of the RV to accommodate an increase in afterload with an increase in contractility), or RV function.
To arrive at a metric more representative of the hemodynamic environment, we investigated the relationship between SAWSS and RV afterload comparing how it correlated with PVR and C. Tang et al. [4] showed that computationally measured WSS is decreased in adult PH, when compared against a healthy control population, which we recently correlated with impedance [22] . Truong et al. [3] used phase-contrast MRI to confirm the same finding in pediatric patients. Finally, Barker et al. [36] re-evaluated adult PH patients using 4D MRI further confirming the same outcome. As PH is generally associated with increased PVR and decreased C, our results are consistent with these previous findings, but also directly correlate WSS to measures of RV afterload.
Computed SAWSS correlated well with clinical PVR and C, suggesting that SAWSS plays an important role in possibly dictating, or is dictated by, RV afterload and has the potential to be an invaluable clinical metric. The correlations for both metrics (and C) with SAWSS are non-linear. This is somewhat intuitive considering that both resistance and compliance must be asymptotic and bound within some physiological limit. Noteworthy is that the distal resistance used in the structured tree outflow boundary condition dictates the flow split rather than total pulmonary resistance, as it was iteratively tuned to yield the RHC measured inlet pressure (mPAP). The strong correlation of SAWSS with PVR and C suggests that: (1) as endothelial cells lining the pulmonary vasculature have been shown to respond to shear by proliferation and the release of vasoactive agents, a change in SAWSS could be partially responsible for the cycle that perpetuates the progression of the disease [13] ; and (2) SAWSS derived from CFD analysis could be used as a non-invasive alternative to PVR and C for assessing disease progression.
Given the relationship between WSS and vascular remodeling (e.g., proliferation and collagen synthesis) [6] , the correlation found between SAWSS and C offers further evidence that circumferential stress [15] is only partially responsible for triggering this mechanism. Furthermore, morphological changes to tortuosity [37] and diameter only further act to alter local flow dynamics, thus possibly strongly perpetuating the disease cycle.
While CO is certainly a significant contributor to the relationship between SAWSS and disease progression (increasing afterload), it is important to consider the coupling relationship between proximal flow patterns and distal resistance. Given the aforementioned cellular response to flow, proximal flow patterns undoubtedly contribute to the vascular dysfunction that leads to increasing PVR. However, computational modeling shows that an increase in PVR causes a flattened velocity profile in the proximal and distal vasculature (as seen in Fig. 8) , causing a further decrease in WSS. Furthermore, some patients in the current cohort were in the latent phases of the disease, undergoing adaptive RV remodeling and preserved CO. Therefore, particularly in latent PH, it is likely that an increase in afterload causes the initial decrease in WSS, which is later exacerbated in manifest PH by a decrease in CO.
Relationship between vessel diameter and flow
The CFD model of the healthy control subject was used to assess the relationship between D h and Q in the pulmonary vasculature. Previous attempts to investigate this relationship only considered the influence of diameter of the vessel of interest. Considering an idealized vascular tree with a fully developed laminar flow assumption, the minimization principle [10] leads to a volumetric flow rate that is proportional to the local vessel diameter. The diameter-flow relationship found by Horsfield and Woldenberg [38] used diameter measurements made from a cast of an inflated lung, but did not consider the influence of the proximal arterial geometry or distal resistance in dictating the flow distribution. Both techniques yielded a relationship of the power-law form with a power of 2.3 [38] or 3.0 [10] . Two of our models, using a zerotraction or constant resistance outflow boundary condition, revealed a power-law relationship within the range reported in the aforementioned studies. When implementing a structured tree to dictate the flow distribution, the flow-diameter relationship drastically changed to almost linear and the flow was more evenly distributed among the various generations of pulmonary arteries. This might be explained by the fact that the zero-traction and constant resistance simulations only made use of the patient-specific geometry to dictate the flow distribution, while the structured tree simulation calculated the flow distribution based on geometry and the inversely proportional Q vs. PVR relationship. This finding suggests that our current understanding of the diameter-flow relationship in vascular trees might be more complex than originally thought. Additional work is required before implementing this knowledge as a computational outflow boundary condition. Specifically, because it appears that distal resistance is not the only contributing factor, we infer that proximal vessel geometry and respiratory motion must also significantly influence the flow distribution.
CFD as a clinical tool
We compared the SAWSS vs. PVR and SAWSS vs. C correlations for simulations with various combinations of inflow/outflow boundary conditions. Our results suggest that the correct patient-specific inflow condition significantly contributes to the inversely proportional relationship between SAWSS and PCR, and that the influence of proximal geometry alone is secondary. Remarkably, the CFD simulations that incorporated both patient-specific CO and geometry resulted in SAWSS with a significantly stronger correlation to both metrics of RV afterload compared to geometry alone. Thus, suggesting a synergetic effect of CO and geometry on the ensuing SAWSS appears to be intuitive considering that WSS in a vessel is a function of the local velocity, cross-sectional area, and conduit curvature. Moreover, as patient-specific CO can be measured using non-invasive techniques (e.g., Doppler ultrasound or velocity-encoded magnetic resonance imaging), SAWSS obtained without the use of complex structured tree outflow BCs that require RHC input data shows promise as a future estimate of RV afterload. However, based on a the flow modeling study performed with a single vascular geometry, flow distribution in the distal vessels could be highly dependent on the outflow BC, while possibly having minimal effect on the area-integrated WSS. Therefore, the estimation of patient-specific outflow BCs should be considered in future CFD studies of the pulmonary arteries.
Study limitations and future work
The primary limitation of the present work is the lack of experimental validation of the CFD results. Therefore, within this limitation, the practical outcome of this work is that a CFD-estimated flow metric, dictated by the patient-specific geometry and boundary conditions, appears to correlate with metrics of RV afterload with high statistical significance. A true validation of the current model would be comparison with an in vivo flow imaging modality (e.g., 4D MRI [19, 20] ), which was not available for the current dataset as MRI is not a part of the standard of care follow-up protocol for PH. The fact that the computationally derived flow metrics correlate with RHC data is a promising finding. Furthermore, the correlations improve as we add patient specificity to the boundary conditions. While this is not indicative of an in vivo validated CFD model, it demonstrates that computationally obtained flow characteristics offer prognostic value for PH. Another limitation of the present work, and of any study involving CFD in the pulmonary vasculature, is that the arbitrarily chosen point to truncate the vessels could have an impact on the overall CFD results. We have discussed this limitation, originating from the limited clinical image resolution, in our previous work [13] . Furthermore, our computational model did not include compliant vessels. This assumption has been shown to impact the resulting WSS [39] , and would have strong implication on the computed hemodynamics, particularly for a pulsatile flow simulation.
The CFD models used in this work were based on constant flow rate conditions. As temporal patient-specific inlet flow waveforms were unavailable, we avoided using a generic inlet flow profile while limiting the simulation parameters to clinically available patient data. However, as the input parameters are representative of time averaged flow conditions, the calculated SAWSS is also time averaged and oscillatory flow indices are unavailable. Correlations of oscillatory shear stress derived indices with clinical PVR and C could further enhance the importance of CFD as a non-invasive tool for assessing RV afterload in PH patients. Moreover, we did not include the effects of blood-vessel interaction or respiratory motion in the computational models, which should provide more accurate predictions of SAWSS. Lastly, the present predictions of SAWSS originate from the use of 10 patient-specific PH models; the statistical significance of the results described herein can be assessed by extending the work to a larger population size. However, the two-tailed P-values were below 0.05 for SAWSS correlations with PVR and C, making these statistically significant with n = 10 subjects.
The aforementioned limitations are important to consider in future work, but are reasonable considering the relatively little attention dedicated to hemodynamics modeling in the pulmonary vasculature. Moreover, in spite of these limitations, we present compelling correlations of SAWSS and metrics of RV afterload, suggesting great potential for future studies. These should investigate if WSS is the cause or effect of the degenerative cycle that ultimately leads to advanced PH. If WSS is the effect, it becomes important to identify its prognostic sensitivity to the disease. In this study, we showed that using a structured tree outflow boundary condition combined with a patient-specific derived inflow boundary condition leads to a strong correlation between SAWSS and metrics of RV afterload. If both an individual outflow boundary condition and the computational domain can be derived from serial imaging, SAWSS has the potential for being an alternative to RHC data and a metric of disease progression and treatment efficacy.
Conclusion
Spatially averaged wall shear stress (SAWSS) computed from patient-specific CFD models is inversely correlated with distal pulmonary vascular resistance and compliance in subjects with pulmonary hypertension. In addition, SAWSS is statistically correlated with afterload when considering only patient specific geometry and CO. Implementing a structured tree outflow boundary condition in the CFD model further improves this correlation because elevated distal resistance acts to flatten the velocity profile in all generations of the vascular tree. Therefore, this could be the mechanism for the initial decrease in WSS, seen in latent PH, which would engage a "snowball" effect consisting of increasing PVR + decreasing CO = decreasing SAWSS. Finally, we offer preliminary evidence that previous flow-diameter relationships derived from experimentation or through mathematical formulations should not be directly applied for estimating flow in the pulmonary vasculature. Identifying the ideal relationship between flow distribution and outlet area could be used to significantly decrease the computational cost of these simulations and estimate WSS in the distal vessels.
